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Resonance energy transfer (RET) between the tryptophan residues of lysozyme as donors and anthrylvinyl-labeled phosphatidylcholine (AV-PC)
or phosphatidylglycerol (AV-PG) as acceptors has been examined to gain insight into molecular level details of the interactions of lysozyme with the
lipid bilayers composed of PC with 10, 20, or 40 mol% PG. Energy transfer efficiency determined from the enhanced acceptor fluorescence was
found to increase with content of the acidic lipid and surface coverage. The results of RET experiments performed with lipid vesicles containing
40 mol% PG were quantitatively analyzed in terms of the model of energy transfer in two-dimensional systems taking into account the distance
dependence of orientation factor. Evidence for an interfacial location of the two predominant lysozyme fluorophores, Trp62 and Trp108, was
obtained. The RETenhancement observed while employing AV-PG instead of AV-PC as an energy acceptor was interpreted as arising from the ability
of lysozyme to bring about local demixing of the neutral and charged lipids in PC/PG model membranes.
© 2007 Elsevier B.V. All rights reserved.Keywords: Resonance energy transfer; Lysozyme; Protein–lipid interaction; Tryptophan bilayer location; Lipid demixing1. Introduction
Model systems containing isolated proteins and lipid vesicles
of varying compositions have long been employed in elucidating
fundamental aspects of interactions between these major mem-
brane constituents [1–3]. One widely used model protein with
well-characterized structure is lysozyme, which avidly interacts
with lipids [4–9]. The lysozyme–membrane interaction in-
volves several interrelated steps, viz. (i) protein adsorption on
the membrane surface driven by electrostatic interactions be-
tween the oppositely charged amino acid side chains and phos-
pholipid headgroups [10,11], (ii) modification of the membrane
physical properties including, particularly, reduction of electro-
static surface potential [11], lipid dehydration [8], decrease of the
bilayer free volume [12], (iii) destabilization of the protein
structure accompanied by partial unfolding, increase of mole-
cular flexibility and exposure of additional hydrophobic regions
on the protein surface [13], (iv) insertion of the conformationally
altered proteinmolecule into themembrane interior [1,6,10], and⁎ Corresponding author. 52-52 Tobolskaya Str., Kharkiv 61072, Ukraine.
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0005-2736/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbamem.2007.09.027(v) oligomerization of the protein [14], eventually leading to the
formation of amyloid fibers [15].
Lipid-binding properties of lysozyme are hypothesized to be
essential for its biological functions including antimicrobial,
antitumor, and immunomodulatory activities. More specifically,
a mechanism of bactericidal action independent of lysozyme
ability to hydrolyze peptidoglycan layer of the bacterial cell
wall has been proposed [16–18]. Regarding this mechanism the
antimicrobial activity of lysozyme is considered to correlate
with its structural features, charge distribution and surface hy-
drophobicity. These features are thought to determine the extent
of the protein insertion into lipid bilayer giving rise to mem-
brane permeabilization and loss of viability of bacterial cells. A
specific helix–loop–helix domain capable of penetrating into
lipid phase has been identified [17,18].
Another important implication of lysozyme–lipid interactions
involves a possibility of the protein self-assembly into fibrillar
aggregates with a core cross-β-sheet structure in a membrane
environment [15]. This type of protein aggregates currently
attracts special interest because of its key role in the pathogenesis
of the so-called conformational diseases [19]. Membrane-related
factors favoring protein fibrillization are thought to include
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terface, membrane-induced changes in the conformation and
charge state of the protein, and specific arrangement of the
solvent exposed and bilayer-buried portions of polypeptide chain
[20]. Variation in the depth of bilayer penetration is assumed to
modulate the propensity of a protein to act as a nucleus in fibril
formation [21].
In the light of the above gaining further insight into the
structural details of lysozyme–lipid interactions seems to be of
importance at least in two basic aspects concerning the struc-
tural prerequisites for both its bactericidal activity and aggre-
gation behavior in a membrane environment. To this end, the
present study was focused on obtaining structural information
on the model systems containing lysozyme and lipid vesicles
composed of zwitterionic phosphatidylcholine and anionic
phosphatidylglycerol. To characterize these systems in terms
of the protein location relative to lipid–water interface we
examined resonance energy transfer (RET) between the trypto-
phan residues of lysozyme as donors and anthrylvinyl-labeled
phosphatidylcholine (AV-PC) or anthrylvinyl-labeled phospha-
tidylglycerol (AV-PG) as acceptors. Comparison of energy
transfer efficiencies for AV-PC and AV-PG allowed us to ad-
dress the question of whether lysozyme is capable of inducing
the formation of lateral domains enriched in acidic lipids.
2. Materials and methods
2.1. Chemicals
Chicken egg white lysozyme and HEPES were purchased from Sigma (St.
Louis, MO, USA). 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (PC) and
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-rac-glycerol (PG) were fromAvanti
Polar Lipids (Alabaster, AL). Fluorescent lipids, 1-acyl-2-[12-(9-anthryl)-11-
trans-dodecenoyl]-sn-glycero-3-phosphocholine (AV-PC), and 1-acyl-2-[12-(9-
anthryl)-11-trans-dodecenoyl]-sn-glycero-3-phospho-1-rac-glycerol (AV-PG)
were synthesized as described in detail elsewhere [22,23]. All other chemicals
were of analytical grade.
2.2. Preparation of lipid vesicles
Large unilamellar vesicles were prepared by extrusion fromPCmixtures with
PG (10, 20 or 40mol%). A thin lipid filmwas first formed from the lipid mixtures
in chloroform by removing the solvent under a stream of nitrogen. The dry lipid
residues were subsequently hydrated with 20 mM HEPES, 0.1 mM EDTA, pH
7.4 at room temperature to yield lipid concentration of 1 mM. Thereafter, the
sample was subjected to 15 passes through a 100 nm pore size polycarbonate
filter (Millipore, Bedford, USA), yielding liposomes of desired composition. AV-
PC or AV-PG (maximum1.5mol% of total lipid) were added to themixture of PC
and PG prior to the solvent evaporation. The concentration of fluorescent lipid
was determined spectrophotometrically using anthrylvinyl extinction coefficient
E367=9×10
3 M−1 cm−1 [22].
To evaluate pH dependence of RET efficiency, fluorescently-labelled lipo-
somes were prepared using 20 mM phosphate (pH 6.2) and acetate (pH 3.7)
buffers instead of HEPES.
2.3. Fluorescence measurements
Fluorescence measurements were performed at 25 °C using 10 mm path-
length quartz cuvettes with spectrofluorometer equipped with a magnetically
stirred, thermostated cuvette holder (LS-50B, Perkin-Elmer Ltd., Beaconsfield,
UK). Emission spectra of AV-labeled phospholipids were recorded at excitation
wavelength of 296 nm with excitation and emission band passes set at 10 nm.While recording AV excitation spectra emission wavelength was 430 nm and
both band passes set at 5 nm. The efficiency of energy transfer was calculated
from the sensitized emission of the acceptor [24]:
E ¼ AAðk
ex
D Þ
ADðkexD Þ
IADðkemA Þ
IAðkemA Þ
 1
 
ð1Þ
where AA,D are the optical densities of the acceptor (AV) and donor (Trp) at the
donor excitation wavelength kexD ¼ 296 nm, I are the acceptor fluorescence
intensities measured at the acceptor emission wavelength (kemA ¼ 430 nm) in the
absence (IA) and presence (IAD) of the donor. Fluorescence intensities measured
in the presence of lysozyme at the maximum of AV-PC or AV-PG emission
spectra (430 nm) were corrected for inner filter effects using the following
coefficients [25]:
kcorr ¼ ð1 10
AAðkexD ÞðAAðkexD Þ þ ADðkexD ÞÞ
ð1 10ðAAðkexD ÞþADðkexD ÞÞÞAAðkexD Þ
ð2Þ
Steady-state fluorescence anisotropy of AV fluorophore was measured at
excitation and emission wavelengths of 296 and 430 nm, respectively, with
excitation and emission band passes set at 10 nm.
2.4. Theory
The results of RET measurements have been quantitatively interpreted in
terms of the model of energy transfer on a surface formulated by Fung and Stryer
[26] and extended in our previous studies [27] to allow for distance dependence
of orientation factor in two-dimensional systems. Assuming that donors and
acceptors are randomly distributed in different planes separated by a distance da,
the efficiency of energy transfer is given by:
E ¼ 1
Z l
0
expðkÞexpðCsaSðkÞÞdk ð3Þ
S kð Þ ¼
Z l
da
1 exp k Ro
R
 6 !" #
2pRdR ð4Þ
where λ= t/τd, τd is the lifetime of excited donor in the absence of acceptor, Ro
is the Förster radius, Ca
s is the concentration of acceptors per unit area related to
the molar concentrations of the fluorescent lipids (LAV) and total lipids (Lo):
Csa ¼
LAV
LoðfPCSPC þ fPGSPGÞ ð5Þ
here f, S are the mole fractions and mean areas per PC or PG molecule taken as
SPC=SPG=SL=0.65 nm
2. Förster radius is known to depend on the donor
quantum yield (QD) and the overlap between the donor emission (FD(λ)) and
acceptor absorption (εA(λ)) spectra:
Ro ¼ 979ðj2n4r QDJ Þ1=6; J ¼
Z l
0
FDðkÞeAðkÞk4dkZ l
0
FDðkÞdk
ð6Þ
where nr is the refractive index of the medium (nr =1.37), κ
2 is an orientation
factor defined as [24]:
j2 ¼ ðsinhDsinhAcos/ 2coshDcoshAÞ2 ð7Þ
where θD and θA are the angles between the donor emission (D) or acceptor
absorption (A) transition moments and the vector R joining the donor and
acceptor, ϕ is the dihedral angle between the planes (D, R) and (A, R).
The applicability of Eq. (7) is limited to the case where the vectors D and A
do not undergo any reorientation during the transfer time. Alternatively, Förster
radius should be calculated using the dynamic average value of orientation
Fig. 1. Schematic representation for relative bilayer positions and angular
relationships of donors (Trp residues of lysozyme) and acceptors (anthrylvinyl
moiety of AV-PC or AV-PG) in the model membranes.
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are symmetrically distributed within the cones about certain axes Dx and Ax,
〈κ2〉 is given by [28]:
hj2i ¼ ðsinHDsinHAcosU 2cosHDcosHAÞ2hdxDihdxAi þ 1=3ð1 hdxDiÞ
þ 1=3ð1 hdxAiÞ þ cos2HDhdxDið1 hdxAiÞ þ cos2HAhdxAið1 hdxDiÞ
ð8Þ
where ΘD and ΘA are the angles made by the axes Dx and Ax with the vector R,
Φ is the angle between the planes containing the cone axes and the vector R,
〈dD
x 〉 and 〈dA
x 〉 are so-called axial depolarization factors:
hdxD;Ai ¼ 3=2hcos2wD;Ai  1=2 ð9Þ
whereΨD,A are the cone half-angles. These factors are related to the steady-state
(r) and fundamental (r0) anisotropies of donor and acceptor [28]:
dxD;A ¼ FðrD;A=r0D;AÞ1=2 ð10Þ
When the donor and acceptor planar arrays are located at different levels
across the membrane multiple donor–acceptor pairs are involved in energy
transfer, so that orientation factor appears to be a function of the donor–acceptor
separation (R). Particularly, for the most probable membrane orientation of Dx
and Ax, parallel to the bilayer normal, the anglesΘD andΘA made by Dx and Ax
with R are equal and depend on the distance between donor and acceptor
(ΘA=ΘD=θ, θ=f(R)). Under these circumstances Eq. (8) can be rewritten in
the form:
hj2ðhÞi ¼ hdxDihdxAið3cos2h 1Þ2 þ 1=3ð1 hdxDiÞ þ 1=3ð1 hdxAiÞ
þ cos2hðhdxDi  2hdxDihdxAi þ hdxAiÞ ð11Þ
where cos2θ=(da/R)
2. Next, by representing Förster radius as R0=[κ
2(R)]1/6 R0
r
one obtains:
S tð Þ ¼
Z l
da
1 exp kj2 Rð Þ R
r
o
R
 6 !" #
2pRdR; Rro¼ 979 n4r QDJÞ1=6

ð12Þ
In analyzing the RET data presented here we considered the lipid–protein
systems as containing one donor plane located at a distance dc from the mem-
brane center and two acceptor planes separated by a distance dt (Fig. 1)). Given
that for the outer acceptor plane da= |dc−0.5dt| while for the inner plane da=dc+
0.5dt, the following relationships hold:
S1 kð Þ ¼
Z l
jdc0:5dt j
1 exp kj21 Rð Þ
Rro
R
 6 !" #
2pRdR ð13Þ
S2 kð Þ ¼
Z l
dcþ0:5dt
1 exp kj22 Rð Þ
Rro
R
 6 !" #
2pRdR ð14Þ
j21;2 Rð Þ ¼ hdxDihdxAi 3
dcb0:5dt
R
 2
1
 !
þ 1 hd
x
Di
3
þ 1 hd
x
Ai
3
þ dcb0:5dt
R
 2
hdxDi  2hdxDihdxAi þ hdxAi
  ð15Þ
E ¼ 1
Z l
0
expðkÞexp CsaðS1ðkÞ þ S2ðkÞÞ
	 

dk ð16Þ
where S1 and S2 are the quenching contributions describing energy transfer to the
outer and inner acceptor planes, respectively. The relationships (13)–(16) are
valid when the donor and acceptor transition moments are distributed about theaxes Dx and Ax parallel to the bilayer normal N. If this is not the case, additional
depolarization factors accounting for the deviations of Dx and Ax from N should
be introduced: daD;A ¼ 32 cos2aD;A  12, where αD,A are the angles made byDx and
Ax with N. By applying the Soleillet's theorem stating the multiplicativity of
depolarization factors, Eq. (15) may be rewritten in a more general form:
j21;2 Rð Þ ¼ dDdA 3
dcb0:5dt
R
 2
1
 !
þ 1 dD
3
þ 1 dA
3
þ dcb0:5dt
R
 2
dD  2dDdA þ dAð Þ ð17Þ
where dD,A=〈dD,A
x 〉dD,A
a
Acyl bearing AV fluorophore, 12-(9-anthryl)-11-trans-dodecenoyl, has no
polar group in its chain; being fully immersed in the hydrophobic core of a lipid
bilayer, as judged from 1H-NMR-spectroscopy data [23] and quenching of AV
fluorescence by iodide [29]. 1H-NMR measurements revealed that AV-PC
induces upfield shift of the proton resonances at the level of terminal CH3 groups
and C4-C13 methylenes, exerting no effect on the resonances of choline protons
[23]. This observation provides strong support to the idea that AV fluorophore is
localized in a lipid bilayer close to the terminal methyl groups, preferentially
orienting parallel to acyl chains. In the above RET model the spatial rela-
tionships between the donors and acceptors are defined by the parameters dc and
dt, characterizing the distance between the donor plane and membrane center,
and separation between the outer and inner acceptor planes, respectively. The
former parameter was optimized while the latter was taken from the limits
consistent with the size of AV fluorophore (ca. 0.7×0.3 nm) and the above
assumption concerning the AV bilayer location. In addition, allowing for the high
mobility of the terminal groups of hydrocarbon chains, it seemed reasonable to take
dt value from the range 0.3–0.7 nm.
Notably, varying the parameter dt from the lower (0.3 nm) to upper (0.7 nm)
limits yielded dc increase not exceeding 0.1 nm, indicating that the results of
data treatment in terms of the above RET model slightly depend on the
uncertainty in the AV bilayer location.
3. Results
The efficiency of energy transfer is typically determined by
monitoring a decrease in the donor quantum yield in the pre-
sence of an acceptor [24]. Unfortunately, this method appeared
inapplicable to the protein–lipid systems under study because of
lysozyme causing aggregation and fusion of lipid vesicles [4–7].
Within the ranges of lysozyme and lipid concentrations where
aggregation and fusion did not occur (as judged by light scattering
measurements) we did not observe any significant changes in
tryptophan emission upon the binding of lysozyme to membranes.
Fig. 2. Emission (a) and excitation (b) spectra of AV-PC in PC/PG liposomes
(40 mol% PG) recorded at varying lipid-to-protein molar ratio. Lipid concen-
tration was 5 μM (a) or 10 μM (b).
Fig. 3. Efficiency of energy transfer between lysozyme Trp residues and AV-PC
or AV-PG measured at pH 7.4 (acceptor concentration 1.5 mol%) at varying
membrane composition (a) and pH (b), 40 mol% PG, 1.5 mol% AV-PC. Lipid
concentration was 5 μM (a) or 25 μM (b).
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fluorophore is balanced by the contributions of free protein and
directly excited acceptors to the measured fluorescence intensity.
To circumvent this problem, we tried to detect RET by another
method based on enhancement of acceptor fluorescence due to
energy transfer from a donor. Accordingly, we monitored the
membrane association of lysozyme upon its addition to liposomes
containing AV-PC by measuring the increase in AV fluorescence
(Fig. 2a). It could be assumed that the observed enhancement of
AV emission arises from direct effect of the protein on acceptor
fluorescence, for instance, through rigidifying the acyl chain
groups in the fluorophore surroundings. However, in this case it is
difficult to explain increasing magnitude of lysozyme-induced
effect with acceptor concentration. Although the molar fraction of
AV-lipids is varied, proportions of PG or PC remain constant, so
that the amount of bound protein, and, as a consequence, the extent
of bilayer modification, seems hardly to depend on AV con-
centration. Likewise, the finding that fluorescence changes are
different for AV-PC and AV-PG-containing systems with the same
PGmole fraction (vide infra), could hardly be rationalized in terms
of a direct effect of lysozyme on the acceptor fluorescence. Allthese considerations led us to conclude that Trp residues of lyso-
zyme serve as energy donors for AVacceptors.
Additional proof of energy transfer from Trp to AV comes
from the observation that the intensity of acceptor excitation
spectra at the donor absorption wavelengths increases with
increasing protein concentration (Fig. 2b). Since lysozyme is a
multi-tryptophan protein a question arises which residues may
participate in energy transfer to AV-acceptor. There are six
tryptophan residues in lysozyme molecule, three of which
(Trp62, Trp63 and Trp108) are located in the active site and
exposed to a solvent, while Trp28 and Trp111 reside in a
hydrophobic environment. Notably, 80% of lysozyme fluores-
cence has been assigned to Trp62 and Trp108 with a possibility
of energy migration from Trp 108 to Trp62 [30,31]. In view of
this, in the analyses given below the two dominant emitters,
Trp62 and Trp 108, were regarded as energy donors for AV
acceptors.
The efficiency of energy transfer calculated from the en-
hanced acceptor emission using the Eq. (1) was found to depend
on both protein and lipid concentration, as well as on the content
of the acidic lipid in membranes. As demonstrated in Fig. 3a, at
the highest employed acceptor concentration (1.5 mol%) this
Fig. 5. AV fluorescence anisotropy measured with λex=296 nm and λem=
430 nm for different lipid-to-protein molar ratios. Lipid concentration was 5 μM,
acceptor concentration 1.5 mol%.
Fig. 4. Efficiency of energy transfer measured for PC/PG liposomes (40 mol%
PG) as a function of acceptor to lipid molar ratio at lipid concentration 5 μM
(a) or 50 μM (b). Solid lines represent theoretical curves providing the best fit of
the model (Eqs. (13)–(17)) to the experimental data (αD=π/2,+da,+dD).
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the content of PG from 10 to 40 mol%. The use of AV-PG
instead of AV-PC as an energy donor in membranes containing
40 mol% PG resulted in higher RET efficiencies (Fig. 4a),
suggesting the enrichment of PG in the protein binding site.
Likewise, RET enhancement was observed upon decreasing
lipid concentration coupled with increased surface coverage (cf.
Fig. 4a and b) and lowering of pH (Fig. 3b).
The results of RET measurements were quantitatively ana-
lyzed within the framework of the above theoretical model. This
analysis was restricted to lipid vesicles containing 40% PG,
because only in this case RETefficiencies were sufficiently high
for obtaining quantitative estimates. First, the RET data were
treated assuming that donors and acceptors are randomly dis-
tributed in separate parallel planes. The fitting of theoretical
model given by Eqs. (13)–(17) to the experimental dependen-
cies of RET efficiency on acceptor to lipid molar ratio (Fig. 4a)
allowed us to evaluate the distance between the donor plane and
bilayer center (dc). Notably, we consider this parameter as being
averaged over bilayer positions of both predominant lysozyme
fluorophores, Trp62 and Trp108. The value of dc was estimatedby nonlinear least-squares technique involving minimization of
the following error function:
v2 ¼
Xn
i¼1
ðEei  EciÞ2
n
ð18Þ
where n is the number of experimental points (i.e., the number
of acceptor concentrations), Ee is the measured transfer effi-
ciency, Ec is the transfer efficiency calculated by numerical
integration of the Eqs. (13)–(17). The data fitting procedure
yielded χ2 values not exceeding 1.6×10−4.
The axial depolarization factors 〈dD
x 〉 and 〈dA
x 〉 were calcu-
lated from Eq. (10) using the results of steady-state fluorescence
anisotropy measurements. We failed to detect any significant
changes in tryptophan fluorescence anisotropy upon the transfer
of lysozyme from the solution to the membrane surface. This
parameter (rD) measured with λex=296 nm and λem=338 nm
was found to be ∼0.1. The anisotropy of AV-PC and AV-PG
(rA) tended to increase with the protein concentration (Fig. 5)).
The fundamental anisotropy of anthrylvinyl fluorophore (roA)
was reported to be ∼0.08 at λex=296 nm [32]. The tryptophan
absorbance in the range 250–300 nm is known to originate from
the two electronic transitions 1La and
1Lb whose transition
moments are orthogonally oriented [33]. Excitation wavelength
of 296 nm employed in the RET experiments described here
predominantly populates the 1La state of the fluorophore with
roD=0.3 [24]. The transition moment of this state lies in the
plane of the indole ring [34], so that the angle αD reflects the
deviation of the normal to the plane of the Trp aromatic ring
from the bilayer normal. Based on the available experimental
evidence we could not make any assumptions about preferable
orientation of the Trp residues in lipid-bound lysozyme. There-
fore, the RET curves were analyzed with the two limiting
assumptions of αD=0 (the plane of indole ring parallel to the
bilayer surface) and αD=π/2 (the plane of indole ring perpen-
dicular to the bilayer surface).
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of acyl chains adopts preferential orientation parallel to the
bilayer normal [23]. This allowed us to put αA equal to π/2.
Allowing for the possibility of both positive and negative values
of 〈dD
x 〉 and 〈dA
x 〉 (see Eq. (10)) all possible combinations of the
signs of these parameters were considered in the data fitting.
4. Discussion
Presented in Table 1 are the estimates for dc recovered from
systems containing AV-PC (dc
APC) or AV-PG (dc
APG) while as-
suming randomly distributed donors and acceptors. If this as-
sumption was valid there would be no differences between the
RET curves obtained using either AV-PC or AV-PG as energy
acceptors. The finding that energy transfer to AV-PG is more
effective (Fig. 4a) compared to AV-PC can be interpreted as
arising from lipid lateral redistribution which is followed by
accumulation of acidic lipids in the vicinity of bound protein.
As the positively charged lysozyme approaches the membrane
surface PG molecules are allowed to migrate toward interaction
zone, thereby replacing PC molecules. In view of the exchange
between the charged and neutral lipids the assumption about
random acceptor distribution would lead to dc overestimates for
the systems with AV-PC and dc underestimates for the systems
with AV-PG. Accordingly, true dc value might be expected to lie
between dc
APG and dc
APC.
The limiting values thus obtained for dc are consistent with
the location of lysozyme Trp residues in the interfacial bilayer
region composed of phosphorylcholine moiety (dc∼2–2.2 nm),
glycerol backbone (dc ∼1.7–1.8 nm), carbonyls (dc ∼1.4–
1.5 nm), upper acyl chain carbons (dc ∼1.3 nm) and hydration
water. This finding supports the notion that tryptophan residues
of membrane-bound peptides and proteins tend to reside at
lipid–water interface [3,35]. Such a preference is supposed to be
associated with Trp propensity for dipolar, cation- π and hydro-
gen bonding interactions with interfacially located lipid struc-
tural groups. Additionally, our data agree with the viewpoint
that helix–loop–helix domain (87–114 residues of hen egg
white lysozyme) located at the upper lip of the active site cleft
accounts for lysozyme insertion into lipid bilayer [18]. The non-
polar portion of this domain (residues 87–95) penetrating into
hydrophobic bilayer region serves as a membrane anchor, whileTable 1
Tryptophan distance from the center of PC/PG bilayer (40 mol% PG) in lysozyme
acceptors
Protein
concentration,
μM
dc
APC, αD=π/2
+dA,+dD +dA, −dD −dA,+dD
0.08 1.8 (9.6×10−5) 2.0 (9.8×10−5) 2.1 (9.7×10−5)
0.16 2.0 (6.1×10−5) 2.2 (6.4×10−5) 2.4 (6.3×10−5)
0.24 2.1 (7.0×10−5) 2.4 (7.6×10−5) 2.6 (7.1×10−5)
dc
APG, αD=π/2
0.08 1.6 (6.4×10−5) 1.8 (6.5×10−5) 1.9 (6.1×10−5)
0.16 1.7 (1.5×10−4) 2.0 (1.5×10−4) 2.1 (1.6×10−4)
0.24 1.9 (6.9×10−5) 2.2 (7.1×10−5) 2.3 (7.0×10−5)
Shown in parentheses are χ2 values for each data fit. Error of dc estimation did notterminal basic residues form electrostatic contacts with anionic
phospholipid headgroups. This mode of membrane binding of
lysozyme causes Trp62 and Trp108 to be accommodated in the
interface. Hence, our RET-based estimates on the bilayer loca-
tion of Trp residues may be regarded as additional evidence for
the ability of lysozyme to insert into the lipid phase. Evidence in
favour of the involvement of hydrophobic interactions in the
association of with membranes have been obtained using fluo-
rescence polarization [6], vesicle leakage [1,6] and monolayer
[10] experiments. Notably, our observation that RET efficiency
increases at lower pH (Fig. 3b) is in keeping with the early [5]
and recent [10] findings suggesting that acidic pH favors the
penetration of lysozyme into the bilayer. Although lysozyme is
a very stable protein whose structure in solution remains vir-
tually unperturbed on pH shift from the neutral to acidic values
[36], it seems highly probable that formation of ionic and
hydrophobic contacts with lipid molecules could modulate the
pH sensitivity of this protein.
As the next step of data analysis we assessed the magnitude
of the lysozyme-induced lipid redistribution manifesting as the
difference between AV-PC and AV-PG-containing systems in
the RET efficiencies. The effects of lateral redistribution of
anionic and neutral lipids in response to the binding of basic
peptide or protein have been scrutinized, both theoretically and
experimentally, in a number of studies [37–41]. Theoretical
models for this phenomenon have been proposed by Mosior and
McLaughlin [37], Denisov et al. [38], Heimburg et al. [39], May
et al. [40], Mbamala et al. [41]. Two underlying processes are
considered, viz. (i) local lipid demixing implicating molecular
scale deviation from the average lipid composition within and
around the protein–membrane interaction zone, and (ii) the
formation of macroscopic protein–lipid domains enriched in
acidic lipids. The extent of lipid demixing is thought to be
dictated by the minimum of the total interaction free energy
reflecting the balance between the gain in electrostatic adsorp-
tion energy and the loss of lipid mixing entropy. The models for
domain formation emphasize the importance of both electro-
static [38] and nonelectrostatic [40,42] mechanisms. The latter
involves lipid-mediated attraction between adsorbed proteins
coupled with elastic membrane deformation [40,41]. Experi-
mentally, lipid redistribution has been observed for instance in
the adsorption of cytochrome c [43], carditoxin II [44],–lipid systems containing AV-PC (dc
APC, nm) or AV-PG (dc
APC, nm) as energy
dc
APC, αD=0 dc
limits,
nm
−dA, −dD +dA, −dD −dA,+dD
2.2 (8.5×10−5) 1.6 (9.5×10−5) 2.2 (8.1×10−5) 1.6–2.2
2.5 (5.8×10−5) 1.8 (5.9×10−5) 2.6 (5.6×10−5) 1.8–2.6
2.7 (6.8×10−5) 1.9 (6.7×10−5) 2.7 (6.7×10−5) 1.9–2.7
dc
APG, αD=0
1.8 (4.9×10−5) 1.4 (6.8×10−5) 1.7 (4.4×10−5) 1.4–1.9
2.1 (1.4×10−4) 1.5 (1.6×10−4) 2.0 (1.4×10−4) 1.5–2.1
2.4 (6.5×10−5) 1.7 (6.7×10−5) 2.4 (6.3×10−5) 1.7–2.4
exceed 0.2 nm.
Fig. 6. Three-dimensional plots illustrating the relationships between the Trp
distance from the bilayer center (dc), radius of the protein–membrane interaction
zone (rdm) and a factor by which PG mole fraction increases in the interaction
zone (k). The sets of parameters dc, k, rdm providing good agreement between
theory and experiment (5×10−5bχ2b7×10−5) were obtained on the assump-
tion of complete (a, fb=1) or incomplete (b, fb=0.5) protein binding.
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model membranes.
The RET data presented here are suggestive of ability of
lysozyme to produce the deviation of PG concentration from its
bulk value in the membrane–protein interaction zone. The
simplest way by which this process can be allowed for in the
above RET model involves introducing the additional para-
meters, characterizing the size of interaction zone (rdm), the
ratio of PG concentrations in the interaction zone at nonrandom
and random acceptor distribution (k) and the fraction of bound
protein (fb=B/P, where B is the molar concentration of bound
protein and P is the total protein concentration). Thus, the
expressions for RET efficiency take the form:
S11 kð Þ ¼
Z l
½r2dmþðdc0:5dtÞ20:5
"
1
exp kj21 Rð Þ
Rr0
R
 6 !#
2pRdR
ð19Þ
S12 kð Þ ¼
Z ½r2dmþðdc0:5dtÞ20:5
jdc0:5dtj
"
1
exp kj21 Rð Þ
Rro
R
 6 !#
2pRdR
ð20Þ
E ¼ 1
Z l
0
exp kð Þ
exp
"
 Csa
 
LoutSL  Pfbpr2dmk
LoutSL  Pfbpr2dm
 
S11 kð Þ þ kS12 kð Þ þ S2 kð Þ
!#
dk
ð21Þ
where Lout is the lipid concentration in the outer monolayer.
The RET profiles obtained with AV-PG as energy acceptor
were approximated by Eqs. (19)–(21), with k being varied from
1 to its maximum possible value (2.5) at 40 mol% PG. Param-
eter rdm was taken from the limits dictated by the requirement
Pfbπrdm
2 k≤LoutSL, while parameter dc was optimized. By ana-
lyzing the RET data in this manner we found good agreement
between the theory and experiment under conditions where the
size of the zone with increased PG concentration (rdm) does not
exceed 3.4 nm (Fig. 6). This value is comparable with the
protein radius (ca. 3 nm) suggesting that lysozyme causes a
local deviation from the average lipid composition.
The RET data presented here give also some grounds for
believing that the mode of lysozyme–membrane association
depends on surface coverage. As seen in Fig. 4b, at lipid con-
centration L=50 μM the measured RET efficiencies were at the
level of experimental error (ca. 3%), while a tenfold decrease of
L value resulted in a marked enhancement of energy transfer
(Fig. 4a). This phenomenon could be interpreted in terms of
shallow location of electrostatically-bound lysozyme at relatively
low surface coverage (Lout/P ratios greater than∼40) followed bythe penetration of a certain fragment of polypeptide chain into the
membrane interior when the surface coverage is becoming high
enough to overcome the energy barrier for the protein insertion
into the lipid phase. Importantly, coverage-dependent changes in
the transverse bilayer location have been demonstrated in several
recent studies for cytochrome c, another basic protein similar to
lysozyme in its physicochemical properties [47,48]. By analogy
with the so-called carpet mechanism proposed for peptide–
membrane binding it was hypothesized that protein insertion into
lipid bilayer is triggered by a certain critical surface coverage at
which lateral pressure of two-dimensional adsorbate gas reaches
its threshold value [49]. Given that lysozymemolecule represents
a spheroid with dimensions 4.5×3×3 nm and cross-section ca.
13.5 nm2 and taking molecular area per phospholipid headgroup
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membrane surface with lysozyme corresponds to Lout/P ratio of
ca. 20. This value falls into the range of Lout/P ratios at which we
succeeded in detecting energy transfer. It is noteworthy in this
regard that at the protein and lipid concentrations employed in the
RET experiments nearly complete binding of lysozyme to lipid
vesicles containing 40mol% PGmight be expected. This is based
on our binding studies performed with fluorescein-labeled lyso-
zyme which, despite having somewhat lower affinity for lipids,
showed virtually full transition into lipid-bound state under anal-
ogous experimental conditions [14]. Moreover, the experiments
with the labeled protein led us to assume that within certain
strictly defined ranges of the P and L values there exists an
equilibrium between the monomeric and oligomeric species of
membrane-associated lysozyme. In view of this possibility the
diminished RET efficiency observed upon increasing lysozyme
concentration (Fig. 4a) could be attributed to self-association of a
certain fraction of the bound protein.
Clearly, processes such as protein aggregation in a membrane
environment or lipid demixing give rise to nonrandom
distribution of donors and acceptors. In this case extraction of
adequate structural information from the RET experiments re-
quires global data analysis using simulation-based fitting. How-
ever, allowing for the aforementioned complications in RET
detection in lysozyme–lipid systems and limited number of RET
measurements we found it reasonable to perform simplified
analysis of the RET data as a first approximation to real situation.
In conclusion, the present RET study revealed three impor-
tant features of lysozyme–lipid interactions. First, lysozyme
location relative to lipid–water interface depends on surface
coverage, as judged from the enhancement of resonance energy
transfer between tryptophan residues of the protein and anthryl-
vinyl-labeled PC or PG on increasing protein surface density.
Second, at lipid-to-protein molar ratios close to saturation sur-
face coverage (Lout/P ∼20, L/P ∼40) partial insertion of lyso-
zyme into PC/PG lipid bilayer (40 mol% PG) takes place, with
predominant fluorophores Trp62 and Trp108 being located in
the interfacial bilayer region. Third, lysozyme is capable of
inducing lipid demixing in PC/PG membranes, as follows from
the increase of PG mole fraction in the protein–membrane
interaction zone. Importantly, all these characteristics of the
adsorption of lysozyme to lipid membranes may also be rele-
vant to its bactericidal and amyloidogenic properties.
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